Abstract Australia's largest river system, the Murray-Darling Basin, is the focus of scientific and political attention, due mainly to the competing issues of economic productivity versus environmental flows. Central to this dialogue is the need to know about the Basin's natural condition and the degree to which the system has deviated from this pre-disturbance, baseline status. This study examines the patterns of ecological change in Lake Cullulleraine, a permanently connected artificial wetland adjacent to Lock Nine on the Murray River, south-east Australia. A 43-cm sediment core was collected in January 1998 and diatoms were analysed at 1-cm intervals for use as aquatic ecological indicators. The sediment core was dated using 210 Pb. Changes in the diatom community have occurred since the time of lake formation in 1926, particularly shifts between Aulacoseira subborealis, Staurosira construens var. venter, Aulacoseira granulata, Staurosirella pinnata and Pseudostaurosira brevistriata. An electrical conductivity (EC) transfer function was applied to the fossil diatom assemblages and inferred EC values were compared to long-term, historical EC data from the River. Despite the presence of good analogues between fossil and modern diatom assemblages, inferred EC did not reflect measured EC accurately. In recent decades, patterns in the two data sets were reversed. Despite clear changes in the fossil record, quantitative palaeo-environmental interpretation was limited because the dominant taxa occupy broad ecological niches. Despite these limitations, changes in the Lake Cullulleraine record, particularly in the planktonic taxa, can be interpreted in terms of landscape change. Furthermore, because of the good chronology from the site, the record may be useful for dating changes observed in sites with poor chronological control.
Introduction
The Murray River, which drains the largest externally debouching drainage basin in Australia, is in a critical ecological state. Changes in flow regime, principally through regulation and irrigation, water quality, and wetland alteration, in the context of a shifting global climate, place the system under enormous pressure.
An understanding of the long-term dynamics and variability of this system is crucial to the successful implementation of management strategies.
Many wetlands in the Murray-Darling Basin are permanently attached to the main channel, due to artificial maintenance of stable water levels, and have therefore been subjected to substantial increases in sediment, nutrient and salinity loadings since the onset of non-indigenous settlement (Mackay 1988) . River regulation, an engineering process initiated in the early 1900s, caused modification of much of the Basin through weirs, locks and water storages, and greatly decreased the system's resilience to increased loadings by eliminating the natural wet/dry (or flushing) cycle. In the absence of ecologically important periodic floods, many wetlands become too saline to support a diverse fauna and are at risk of becoming ''terrestrialised'' due to rapid acceleration of lake ontogeny, with sedimentation rates up to 2 cm/year in some wetlands (Gell et al. 2006) . With regular water quality monitoring within the Basin commencing in the late 1970s, [50 years after the commencement of river regulation, environmental proxies such as fossilised remains in the sediment, must be used to reconstruct historical environmental variability. Once variability over a longer timescale is established and placed in the context of known perturbations, either natural or anthropogenic, ecological characterisation can be undertaken.
The number of diatom-based palaeolimnological analyses in temperate Australian aquatic systems has increased in the past 5 years, with the majority of research focused on the Murray-Darling Basin (Gell et al. , 2005 (Gell et al. , 2006 Tibby et al. 2003 Tibby et al. , 2007 Reid et al. 2002; Tibby and Reid 2004; Fluin et al. 2007) . Results have generally shown increases in electrical conductivity (EC), pH and nutrients following non-indigenous settlement (Tibby et al. 2003; Gell et al. 2005 Gell et al. , 2007 Fluin et al. 2007) , changes in the composition of aquatic flora (Reid et al. 2007) , increases in sedimentation rates (Gell et al. 2006) , and switches from ephemeral to permanently inundated basins ). These studies aimed to reconstruct conditions in wetlands themselves and assess the overall health in the Murray-Darling Basin.
Many of these regional studies adopted quantitative reconstruction techniques such as weighted averaging calibration to document trends in key environmental variables through time (Tibby et al. 2003; Gell et al. 2005 Gell et al. , 2007 . Weighted averaging regression is based on the assumption that diatom taxa have an optimum along environmental gradients at which their abundance is greatest. Briefly, the method involves estimating the environmental variable (x) optimum for a particular taxon by averaging all the x values for sites in which the taxon occurs, weighted by the taxon's relative abundance. Although these models have robust performance (measured by internal model testing procedures such as jack-knifing) and there are adequate analogues between modern and fossil samples, there has been an absence of independent testing to assess whether the quantitative models applied in the Basin accurately represent historical trends in water quality.
This study provided an opportunity to assess the applicability of quantitative reconstructions to a system as highly variable as the Murray-Darling Basin by comparing inferred to measured EC values over a 60-year period. EC was chosen as the focus variable because there were long historical records of EC, extending back to 1938, compared to 1978 for variables such as pH and nutrients. Additionally, earlier work by Gell et al. (2005 Gell et al. ( , 2006 Gell et al. ( , 2007 showed that EC is commonly a primary driver of ecological change in Murray River wetlands.
Study area
The Murray-Darling Basin, covering 1,061,469 km 2 , incorporates both the Murray and Darling Rivers, and in the southern part of the Basin, the substantial Murrumbidgee, Lachlan, and Goulburn Rivers. The Murray River rises in the Australian Alps about 40 km south of Mt. Kosciusko, and flows northwest through New South Wales, Victoria and South Australia before entering the terminal lakes system of Lake Alexandrina, Lake Albert and the Coorong at the river mouth. It is Australia's largest river basin and also one of the world's major river systems, ranking 15th in terms of length and 21st in terms of area (Kurian 1989) . Despite the large catchment size, discharge rates are very low with a mean discharge of 0.4 ML/sec compared to 7.0 ML/sec for the Danube in Europe and the Nelson in North America, respectively, rivers with comparable catchment sizes (Crabb 1993) .
Regular monitoring of salinity (as EC) in the Murray River commenced in 1938 at Morgan in South Australia. Comprehensive water quality monitoring, involving sampling from 35 sites and including nutrients and turbidity, commenced in 1978, and monitoring of macroinvertebrates and phytoplankton was initiated in 1980 (Mackay 1988 ). Water quality measures presently of most concern to managers and users of lower Murray River water are EC, turbidity and nutrients, with distinct spatial and temporal differences in these variables along the length of the channel. Water quality generally declines downstream, but some variables are notably dynamic (e.g. turbidity and nutrients), reflecting changing catchment land use and channel geomorphology. This study investigates salinity trends in Lake Cullulleraine, a wetland with permanent hydrological connection to the Murray River, located approximately 50 km downstream of Mildura (Fig. 1) . Lake Cullulleraine was originally an ephemeral wetland that would have only received water during a major river flood. Due to its lower elevation relative to the river channel, it was identified as an ideal water storage area to support the growing cropping industry during the 1920s. In 1926, Lock 9 was constructed on the Murray River and water was pumped 9 km through an open channel (converted to a pipeline in 1975) to the lake. Presently the lake covers 250 ha and has a capacity of 2,460 ML. The lake is surrounded by agricultural land, predominantly vineyards, and uncultivated red sand hills. There is a small campground located on the southern and eastern shores.
Lake Cullulleraine was selected as a test site due to its minimal complexity relative to other wetlands arising from its permanent connection to the Murray River, stable water level, and consequent absence of a wet/dry regime. These factors, in combination with an apparently robust sediment chronology, permitted assessment of the degree to which the signal from the River Murray is modulated by individual wetland processes. Lake Cullulleraine is fed directly by the main Murray River channel which is the only surface flow into the wetland. There is negligible groundwater inflow. The lake is primarily a holding basin for irrigation. Due to high demand from surrounding agricultural land, water supply from the river is constant and lake residence time is relatively short, usually 20-60 days, depending on the season. Additionally, water levels have been maintained to within 40 mm since the lake's initial development, thus reducing localised EC changes due to lake level fluctuations (Maunsell Australia 2006) . Although water quality has been monitored at Lock 9 since the early 1950s, it has not been monitored consistently within Lake Cullulleraine. The only water quality data available are quarterly measurements since 1996 (Australian Water Quality Centre, Bolivar, Adelaide). Over the 5-year period (1996) (1997) (1998) (1999) (2000) (2001) pH ranged between 8.1 and 8.6, EC ranged between 460 and 670 lS cm -1 (EC ranged between 320 and 560 lS cm -1 at Lock 9), turbidity ranged between 45 and 385 NTU, TP between 20 and 150 lg/l, and TKN (total Kjeldahl nitrogen) between 450 and 1160 lg/l. The maximum lake depth is approximately 3 m, with a mean depth of 2.2 m. There is a general lack of geomorphic or physical data. At the time of coring, the lake edge sustained healthy communities of Typha domingensis and Phragmites australis.
To assess the relation between EC measurements at Lock 9 and those within Lake Cullulleraine, a linear regression was performed on the data (Fig. 2) . Although the relation is not strong (r 2 = 0.38) the trends in the data are similar, i.e., when EC at Lock 9 increases there is a corresponding increase in Lake Cullulleraine. The two outlier data points reflect two temporary periods of very low EC in the main channel that were caused by water released from upstream storage areas.
Methods
In January 1998, two sediment cores were extracted from the centre of Lake Cullulleraine using a softsediment corer. Both were 48 cm long. The core site was chosen after probing the lake sediments and identifying the thickest deposits in the lake. Core 1 was selected for diatom and sediment water content and lithologic analyses, and was sampled at contiguous 1-cm intervals, following vertical extrusion, for water content, organic mater concentration, and diatom analysis. Diatoms were chosen as the primary palaeolimnological tool in this study because of their large abundance, species diversity, and high sensitivity to changes in water chemistry (Moser et al. 1996; Battarbee 1997) .
Samples were digested in 10% HCL and 10% H 2 O 2 ) to prepare them for diatom counting. From 300 to 500 diatom valves were counted per sample. The minimum count of 300 valves was used because Battarbee et al. (2001) suggests this value to provide a representative count. Broken valves were only counted if the central area was present. Most counting was undertaken using an Olympus BH-2 microscope with a Nomarski differential interference contrast component. The primary diatom floras consulted were Krammer and LangeBertalot (1986 , 1988 , 1991a , supplemented by Foged (1978) , Germain (1981) , Archibald (1983) , Gasse (1986), and John (1983) .
Because of the known young age of the wetland, 210 Pb dating was employed to derive age-depth estimates for the Lake Cullulleraine core. Six samples were measured: 0, 8, 16, 25, 32, and 40 Pb activity, the latter derived from decay of in situ 226 Ra. The activity of total 210 Pb was determined from 210 Po activity, with which it is assumed to be in secular equilibrium, using alpha spectrometry (Octete Alphaspectrometry System). Given the linear relationship between depth and excess 210 Pb (r 2 = 0.96) in the Lake Cullulleraine record, the constant initial concentration (CIC) model (Krishnaswamy et al. 1971 ) was used to derive age-depth relationships (Fig. 3 ). The CIC model is most appropriate in lake basins that have a small catchment to lake area ratio and have accumulated sediments at a constant rate. Despite the fact that the very large Murray River Basin sustains the lake, these conditions appeared to have been met. The 210 Pb date for the base of the Lake Cullulleraine sediment was close to the known age of the wetland.
A quantitative EC reconstruction was derived using a 90-sample conductivity data set developed by Tibby et al. (2007) . This data set was derived from regular sampling of eight wetlands in the lower Murray River region including Lake Cullulleraine. A simple weighted averaging model with inverse deshrinking produced the best diatom-conductivity model (determined by ''leave one-out replacement)'' with an RMSEP of 0.318 log 10 lS cm -1 . Other models, including weighted averaging with statistical downweighting of species with broad tolerance and weighted averaging partial least squares (WA-PLS) did not perform as well. The degree of (dis)similarity between the fossil and modern samples was assessed using analogue matching techniques with squared chord distance as the dissimilarity measure, determined using C2 version 1. 4.3 (Juggins 2003) . These reconstructed values and trends were then compared to measured EC from both Lock 9 and Morgan, with the records extending to 1952 at Lock 9 and 1938 at Morgan. Although Morgan is approximately 450 km downstream from Lock 9/Lake Cullulleraine, Fig. 2 shows that trends are similar between the two sites, with conductivity amplified at Morgan, due to evaporative concentration and lack of inflows. Although the comparisons between inferred and measured EC are not direct, due to site separation, the differences between Lake Cullulleraine and Lock 9/Morgan should be minimal due to the lakes permanent connection to the channel and lack of other external influences (e.g. multiple, variable inflows).
Results

Lithostratigraphy
The 48-cm core consisted of two distinct types of sediment. The surface to 46 cm was dark greenishgrey mud, while 46-48 cm was gravelly, coarse sand. The transition between the sediment types was very sharp, as were the changes in water content and organic matter content. Between 0 and 46 cm, water content ranged between 60 and 75%, while between 46 and 48 cm it was \20%. The shift in organic Pb ex sample and the time of lake formation matter content was not as marked, but was greater in the mud section (mean 25%) than the base of the core (mean 12%).
Chronology
The excess 210 Pb activity profile was essentially monotonic (Fig. 3) , unprecedented in Murray River wetlands where changing sediment sources have caused problems for 210 Pb dating. The estimated sedimentation rate is 0.632 ± 0.05 cm/year. The sediment at 40 cm depth was estimated to be *63 years old (i.e. AD 1935). Extrapolation of the mean sedimentation rate to the base of the core (48 cm) suggests basal sediments were deposited in the early 1920s, just prior to initial lake filling in 1926.
Diatom analysis
The Lake Cullulleraine core has well defined diatom zones with distinct contrast between the top and bottom (Fig. 4) . CONISS (Grimm 1987) clustering was used to separate fossil diatom assemblages into five zones; 35-32 cm, 32-20 cm, 20-10 cm, 10-5 cm, and 5-0 cm. Although the entire core was sampled, diatoms were only present from 35 cm to the surface in any abundance. In all samples between 45 and 35 cm depth, the only diatoms were aerophilous types, mainly Pinnularia borealis, Hantzschia amphioxys and Luticola mutica, in abundances too low for effective counting.
Zone 5 (35-32 cm): Zone 5 is dominated by Aulacoseira subborealis, which is present at[60% in all samples. The next most common taxon is Staurosira construens var. venter, which is present at 9% at 35 cm, increasing to 14% at 32 cm. Minor taxa present at \2% include Cocconeis placentula, Epithemia sorex and Epithemia adnata.
Zone 4 (32-20 cm): The most obvious features of this zone are an increase in S. construens var. venter and a corresponding decrease in A. subborealis. At the top of this zone, A. subborealis has decreased to \2% while the abundance of S. construens var. M o is t u r e c o n t e n t O r g a n ic c o n t e n t -measured EC Oct 1996-Dec 1997 % 0 1 0 0 0 0 5000 Fig. 4 Lake Cullulleraine diatom fossil record. Also shown is the diatom-inferred conductivity derived from Tibby et al. (2007) data set and the (squared chord distance-SCD) degree of dissimilarity between each sample and the most similar sample in the data set. Also shown is the average measured EC from October 1996 to December 1997, when the core was collected .The vertical dotted and dashed lines represent the 5th and 10th percentile of distributions, respectively, in Tibby et al. (2007) . Note that samples with SCDs lower than the 10th percentile have good analogues in the modern data set (Simpson 2007) venter peaks at 23 cm (60%) and then decreases towards the top of the zone with an abundance of 25% at 20 cm. As the abundance of S. construens var. venter decreases, it is predominantly replaced by another facultative planktonic taxon, Pseudostaurosira brevistriata, which has an abundance of 17% at 20 cm. Other changes include small increases in the littoral taxa Epithemia sorex, Cocconeis placentula, and the facultative planktonic Staurosira pinnata.
Zone 3 (20-10 cm): Aulacoseira subborealis decreases to an average of \1% abundance in this zone. S. construens var. venter also decreases gradually in this zone until it reaches an abundance of 10% at 11 cm. These two taxa are replaced by taxa of three different ecological preferences (littoral, facultative planktonic and planktonic). Within the littoral taxa, Cocconeis placentula and Epithemia sorex increase in abundance, to an average of 18.3 and 11.1%, respectively, with the increase occurring early in the zone and then representation remaining relatively constant. Gomphonema truncatum increases to an average abundance of 3%, compared to \1% in zone 4. Pseudostaurosira brevistriata, a facultative planktonic taxon, decreases at the beginning of the zone, before increasing again, peaking at 20% abundance at 14 cm and then decreasing to \10% at the top of the zone. Staurosirella pinnata abundance remains unchanged from zone 4. Planktonic taxa, primarily Aulacoseira granulata, increase substantially in this zone. Aulacoseira granulata peaks in abundance at 15 cm with 23% of the total assemblage, before gradually decreasing again towards the top of the zone (11 cm) where it accounts for 10% of the assemblage. On average, A. granulata explains 14% of the diatom assemblage in zone 3. In regard to other planktonic taxa, Actinocyclus normanii also increases, from \0.5% in zone 4-2.2% in this zone, while Cyclotella meneghiniana has fairly consistent representation.
Zone 2 (10-5 cm): There are three major changes in this zone: a decrease in both Aulacoseira granulata and Staurosira construens var. venter, and an increase in Tabularia fasciculata. Aulacoseira granulata abundance decreases to an average of 8% from its average of 14% in the previous zone. Staurosira construens var. venter continues the decline shown in zone 3, decreasing to an average of \10%. Tabularia fasciculata sharply increases in abundance in this zone, reaching a peak of 14% at 8 cm.
Zone 1 (5-0 cm): There is a sharp boundary between zone 1 and zone 2. There is a simultaneous increase in S. pinnata and P. brevistriata. Staurosirella pinnata is the dominant taxon, accounting for an average of 32% of the diatom assemblage across the zone, and shows an increasing trend toward the surface. Conversely, P. brevistriata shows a decreasing trend toward the surface. Planktonic taxa decrease in this zone, with A. granulata abundance falling from an average of 11.2% in zone 2 to \3%, and A. normanii abundance falling to \1% from 2% in zone 2. The two principle littoral taxa, C. placentula and E. sorex, decrease markedly in this zone (averages of 4.2 and 5%, respectively), but because of the increase in T. fasciculata, total representation of littoral taxa changes little (33.6% in this zone compared to 35% in zone 2).
Salinity reconstruction, analogue matching and comparison to historical measured values
The quantitative EC reconstruction is shown in Fig. 4 . Most samples in the core (32 of 35) had a squared chord distance to the nearest sample in Tibby et al. (2007) lower than the 10th percentile of distributions in the data set, with fifteen of these falling below the 5th percentile of distributions.
Inferred EC for Lake Cullulleraine range between 700 lS cm -1 and more than 4,000 lS cm -1 , with an increasing trend from 1940 to the early 1960s, stabilisation through the 1960s and 1970s, and then a rapid increase in the 1990s. Measured EC ranged from 180 to 890 lS cm -1 at Lock 9 and 160-1,600 lS cm -1 at Morgan (Fig. 5) . Lock 9 and Morgan EC records show an increasing trend in the 1960s and 1970s, with both records peaking in the 1970s, and general declines in EC from the late 1970s to the present.
Discussion
The diatom record from Lake Cullulleraine provides a detailed, high-resolution record of changes in a lower Murray River aquatic ecosystem since river regulation. There are distinct changes in the diatom community over the length of the core. As well as facilitating interpretation, this pattern of species presence suggests that lake sedimentation has been relatively undisturbed (minimal bioturbation).
210 Pb dating yielded a sedimentation rate of 0.632 ± 0.05 cm/year for the top 40 cm, which apparently accumulated at a constant rate. Extrapolation of this rate to the base of the core (48 cm) suggests that basal sediments were deposited approximately at the time of lake inundation (1926), with permanent wetland conditions prevailing thereafter. Interpretation of this change as a transition from an ephemeral wetland to a permanent wetland is, however, complicated by the virtual absence of diatoms between 48 and 36 cm. The few valves (\5 per slide transect) present are badly preserved, and are mostly from aerophilous and benthic taxa, rather than the planktonic and epiphytic types that dominate the upper 36 cm. Sediment records in newly created lakes (such as reservoirs), often fail to preserve abundant diatoms for at least 10 years. Burrinjuck Reservoir (southern Australia) has few planktonic diatoms in sediments deposited during the first 20 years of lake development, with the sediment containing only sparse, aerophilous taxa, similar to the pattern observed in other studies (Tibby 2001 and references therein). Tibby (2001) suggested that this is due to a water column silica deficit, with sediment preferentially taking up silica. In the early development of both Lake Cullulleraine and Burrinjuck Reservoir, it is likely that there was planktonic diatom production, but cells probably dissolved before they were incorporated into the sediment.
The relationship between diatom-inferred electrical conductivity (DI-EC) and measured conductivity from the limited data for Lake Cullulleraine (n = 6) and the longer data set from the River Murray is poor (Figs. 4, 5) . For example, the period of highest inferred EC is the 1990s, while the measured EC in the River at that time was notably lower than the maxima recorded in the late 1970s and early 1980s. Similarly, a peak in DI-EC in the early 1960s had no associated peak in measured conductivity. Measured conductivity at both Lock 9 and Morgan corroborates recent evidence compiled by CSIRO (2003) , which showed that rapid increases in conductivity in the 1960s and 1970s have halted, and even reversed throughout much of the Basin, mainly due to salt interception schemes. Importantly, analogue matching indicates that the majority of samples had good analogues in the Tibby et al. (2007) data set. Hence, a poor match between the modern and fossil samples is unlikely to explain the poor relationship between conductivity trends recorded at 
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O t h e r p l a n k t o n i c Fig. 5 Selected fossil planktonic diatom taxa plotted against inferred EC and measured EC at Lock 9 and Morgan over time Lock 9 and those inferred from Lake Cullulleraine diatoms. These observations are similar to those made by Reid and Ogden (2009) in a survey of Murray Basin wetlands. They found that diatom composition was less influenced by water quality than reach position, hydrology and macrophyte cover. Given their conclusions, we assess potential reasons for a lack of success in the salinity reconstruction, particularly whether the diatom flora reflects drivers that are more influential than salinity in this environment. We also consider, using published data, whether the EC optima and tolerances derived by Tibby et al. (2007) for key taxa in the Lake Cullulleraine record are accurate. One of the most important changes in the Lake Cullulleraine record is the shift between Aulacoseira subborealis (dominant in zone 4) and the facultative planktonic Staurosira construens var. venter, the dominant taxon in zone 3, which is also associated with substantial increases in inferred conductivity. Given the significance of this change, it is important to consider the ecology of these taxa and what factors, other than salinity, might explain this shift.
Investigations into the autecology of A. subborealis are complicated by its recent description and, more importantly, its relatively poor representation in datasets outside of Australia (Denys et al. 2002) . However, within Australia, A. subborealis is strongly represented in the EC calibration set applied in this study (optimum of 432 lS cm -1 derived from 37 samples with a maximum abundance of 16%) and has otherwise been demonstrated to be a key component of the plankton flora of the Murray River (Tibby and Reid 2004) . Figure 6 shows the pattern of this taxon's representation in four sites along the lower Murray River (including Lake Cullulleraine). Mundic, Tanyaka and Sinclair's Flat are all natural wetlands with permanent connection to the main channel (Fluin and Gell 2008) . All three fossil diatom records represent a longer time period than Lake Cullulleraine; Mundic is *2,700 years, Tanyaka is *3,500 years and Sinclair's Flat is undated, but magnetic susceptibility correlation with nearby sites suggest the record covers *1,800 years. These records illustrate both pre-regulation and pre-settlement presence and abundance of A. subborealis, with all three records clearly showing a sudden appearance of the taxon immediately succeeding river regulation (occurring regionally between 1920 and 1940), followed by a steady decline towards present. This pattern suggests that the decline in A. subborealis in Lake Cullulleraine is not due to autochthonous processes, but rather represents a regional decline in the planktonic taxon's abundance in the river channel following river regulation.
Staurosira construens var. venter is better represented than A. subborealis in transfer functions outside Australia and has a wide tolerance with respect to a number of environmental variables. Table 1 summarises optima derived from studies in which this taxon is well represented. Table 1 indicates that if these transfer functions differ from one another appreciably and would yield a range of inferences for pH, EC and TP if applied to the Lake Cullulleraine record. It is also evident that the EC optimum of 1,212 lS cm -1 , from 42 samples with a maximum abundance of 65%, derived by Tibby et al. (2007) , is substantially higher than the optimum for A. subborealis (432 lS cm -1 ), and is generating the increase in inferred salinity.
Despite sparse and inconsistent ecological data on A. subborealis and Staurosira construens var. venter, some conclusions can be drawn about water quality in Lake Cullulleraine. These taxa indicate that pH and perhaps nutrient concentrations were slightly lower in the period 1940-1960 than in the present lake , with both taxa most abundant in mesotrophic, neutral waters, particularly within the basin (Tibby et al. 2003 Tibby and Reid 2004) . Hence, it appears unlikely that changes in pH or nutrient status explain the increase in S. construens var. venter that commenced in the late 1940s. Despite the different habitat preferences of these taxa, it is similarly unlikely that changes in water level explain this change since Lake Cullulleraine's level is artificially maintained.
As much of the existing ecological data for S. construens var. venter is contradictory, information from taxa co-occurring in zone D can be used to refine environmental reconstructions. Cocconeis placentula, Epithemia sorex and Epithemia adnata are almost certainly derived from the littoral zone of the lake, as they are epiphytes (Sonneman et al. 2001) and are rarely reported in plankton surveys of the River Murray (Hötzel and Croome 1996; Tibby and Reid 2004) . Therefore, their increasing presence most likely represents an increase in fringing/submerged vegetation. Hence, the early changes in the Lake Cullulleraine diatom community may simply be an artefact of lake ontogeny. It appears that in the early stages of lake development, planktonic diatoms dominated due to a lack of aquatic vegetation, but as macrophytes proliferated, opportunistic diatoms such as S. construens var. venter increased in abundance.
As a consequence of the possible overriding influence of lake development, it is useful to consider the trends solely in the plankton community. Hence, a record derived from purely planktonic diatoms is shown in Fig. 5 along with measured EC from Lock 9 and Morgan. In this diagram, the decrease in A. subborealis is contemporaneous with an increase in the planktonic Aulacoseira granulata, which is the most abundant modern taxon in the River Murray (Hötzel and Croome 1996) . This change is commensurate with similar patterns in the records of Mundic, Tanyaka and Sinclair's Flat where A. granulata replaces A. subborealis (Fluin and Gell 2008) , again suggesting that this is a regional, river-derived change, rather than an autochthonous lake process. The switch from A. subborealis to A. granulata in all of these records occurs at a time of monitored increased salinity in the river channel (Fig. 5) . Hence, this change could be attributed to conductivity, (Gell 1997) ], but can be equally abundant in very fresh waters. Gasse et al. (1995a, b) published an EC optimum for this taxon of 467 lS cm -1 based on 74 occurrences. There may well be an association between measured EC (Fig. 5) and C. placentula, as EC increased in the 1960s and then decreased from the late 1970s to the present.
The next major change in the diatom community occurs in the top 5 cm of sediment, representing approximately the time period 1988-1998. Staurosirella pinnata and Pseudostaurosira brevistriata increase to maxima during this phase, while A. granulata, C. placentula, and E. sorex decrease. Interpreting this recent variability is just as problematic as interpreting changes in the earlier phases of the fossil record as the primary taxa display wide tolerances to key chemical variables. Tables 2 and 3 summarise the published pH, EC and TP optima for S. pinnata and P. brevistriata from studies in which these taxa were abundant and well represented. As with S. construens var. venter, these taxa do not have specific ecological preferences. Interestingly, during this time period there are no commensurate shifts in the plankton-only diagram (Fig. 5) , which may suggest that these recent changes reflect in-lake processes.
Conclusions
This study demonstrated there is little correspondence between reconstructed water quality values (absolute terms or data trends) from a permanently connected riverine wetland (Lake Cullulleraine), and measured water quality values in the source stream (River Murray). There may be two reasons for the lack of correlation. First, Lake Cullulleraine and a number of other River Murray wetlands, support a littoral et al. (2007) diatom flora characterised by taxa such as Cocconeis placentula, Aulacoseira granulata, Staurosirella pinnata, Staurosira construens varieties and Pseudostaurosira brevistriata that have wide ecological tolerances (Gell 1997; Reid 1997; Tibby 2000; Gell et al. 2002; Tibby et al. 2003; Tibby and Reid 2004; Fluin et al. 2007 ). Fossil records dominated by nonplanktonic taxa are not well suited to quantitative water quality reconstructions (Sayer 2001; Bennion et al. 2001) . Second, despite the direct connection between the Murray River and Lake Cullulleraine, autochthonous processes (e.g. the establishment and development of aquatic vegetation) serve to confound the influence of the River on Lake Cullulleraine. This may also hold true for many other wetlands that, as a result of river regulation, are now permanently connected to the River Murray, whereas they once would have experienced wet and dry regimes. This finding is important since records from such wetlands are increasingly used to infer changes in river history . Caution should be used when interpreting diatom records (particularly in a quantitative manner) in this environment. Nevertheless, palaeoecological techniques do reveal patterns of limnological change over various timescales in the Murray-Darling Basin. The Lake Cullulleraine fossil record demonstrates this potential, particularly if interpretation is focused on the planktonic taxa, by providing evidence of land use impacts, for which there are not historical records. This study highlights the need to validate findings of diatom records from individual riverine wetlands through development of multiproxy palaeoecological data at individual sites and replication across multiple sites.
